Purpose To examine the relationship between corneal biomechanical properties and the degree of myopia. Methods Chinese subjects (n ¼ 172, age: 11À65 years) were divided into diagnostic groups with non-myopia (spherical equivalence (SE)4À0.50 D), low (À3.00rSErÀ0.50 D), moderate (À6.00rSEoÀ3.00 D), and high myopia (SEoÀ6.00 D). Only the right eye of each subject was analyzed. Central corneal thickness (CCT) was measured by optical coherence tomography. An ocular response analyzer was used to measure corneal hysteresis (CH), corneal resistance factor (CRF), intraocular pressure (IOP), and corneal compensated IOP (IOPcc). Refraction was measured by both automated and subjective refractometry and expressed as SE. Results CH was significantly lower in high myopia compared with both low and non-myopia (Pr0.002). CCT was 1.5 times more correlated to CH variation compared with refraction. Similarly, CRF was four times more dependent on CCT than refraction. CH (Po0.001) or CRF (P ¼ 0.005) was positively correlated to refraction. Both IOP and IOPcc were negatively correlated to refraction (Po0.001), respectively. Conclusions CH decreases only in high myopia. Refraction is positively correlated to both CH and CRF but negatively correlated to both IOP and IOPcc. These results indicate that the mechanical strength in anterior segment of the eye is compromised in high myopia. In addition, high myopia may increase the risk of glaucoma.
Introduction
Myopia is the most common ocular disorder. Myopia prevalence is about 30% (3-84%) of people worldwide, with the highest prevalence in East Asians. [1] [2] [3] [4] Its extreme form, high-grade myopia, can increase the risk of glaucoma, retinal detachment, and chorioretinal degeneration. 5, 6 High myopia complications are the fourth leading cause of blindness in England and Wales. 7 Myopia may be associated with corneal biomechanical properties as well as corneal dimensions such as central corneal thickness (CCT). Several studies have reported the associations between the refractive error and corneal properties, but are still under debate. 8, 9 Chang et al 8 demonstrated an association between the refractive error and corneal dimensions and function in Chinese subjects using the ultrasonic pachymeter. In contrast, Fam et al 9 reported that CCT measured by the Orbscan II pachymeter had no correlation with myopia in Chinese adults.
Direct clinical measurement of the biomechanical properties of the cornea 10 has become possible with the recent introduction of a dynamic bi-directional applanation device (ocular response analyzer (ORA); Reichert Ophthalmic Instruments, Depew, NY, USA). 11, 12 Briefly, the ORA is a non-contact tonometer used to measure intraocular pressure (IOP), which obtains information from two corneal applanation pressures that yield values for the biomechanical property of corneal hysteresis (CH). CH is a parameter to measure the corneal tissue properties that results from viscous damping. 11 Previous studies reported that CH was lower in keratoconus, 11, 13 Fuchs' dystrophy, 11 post laser in situ keratomileusis, 11 and glaucoma. 10 The lower CH was also associated with progressive worsening of the visual field in glaucoma patients. 10 Using the ORA, additional information such as corneal resistance factor (CRF), and corneal compensated IOP (IOPcc) can be obtained. CRF is an empirically determined parameter that reflects the overall resistance of the cornea. It was demonstrated to be strongly associated with CCT.
14 IOPcc is a pressure measurement based on data provided by the CH. Results from this measurement are less interfered by corneal properties compared with Goldmann applanation tonometry. 14 In a previous study, CH was found significantly lower in high myopic patients (spherical equivalence (SE) oÀ9.00 D) compared with subjects with the refraction between À3.00 and 0.00 D. 15 However, several recent ORA studies [16] [17] [18] did not show a correlation between CH and myopia probably because of the narrow range of myopia selected for the subjects. Therefore, this study re-examined the corneal biomechanical properties in a large sample size of Chinese subjects with the SE from þ 1.50 to À29.00 D to determine the relationship between corneal biomechanical properties and myopia.
Subjects and methods

Subjects
This experimental study was approved by the Office of Research Ethics Wenzhou Medical College in accordance with the tenets of the Declaration of Helsinki with an informed consent obtained from each subject. A total of 172 Chinese subjects with age ranging from 11 to 65 years (mean ± SD: 33.12 ± 12.20 years) were recruited between March 2006 and June 2007 at the Eye Hospital, Wenzhou Medical College, Wenzhou, Zhejiang, China. Subjects were divided into four diagnostic groups according to refractive status: non-myopia (SE4À0.50 D), low myopia (SE between À3.00 and À0.50 D), moderate myopia (SE between À6.00 and oÀ3.00 D), and high myopia (SEoÀ6.00 D). All subjects did not have a history of ocular pathology other than those associated with high myopia.
Instrumentation
An optical coherence tomography (OCT) system (OCT-3, Carl Zeiss Meditec Inc., Dublin, CA, USA) was used to measure the CCT with the procedures already detailed in our previous studies. 15, [19] [20] [21] Briefly, the OCT system was modified by adding a set of lenses on the probe to focus the OCT beam to obtain high quality imaging of the central cornea. The scan width was set at 3 mm and the actual scan width with the adapter was measured to be 3 mm. To ensure that the central cornea was scanned, all subjects were asked to stare at a fixation target within the OCT system. When the observation and scanning axes were coaxial, the scanning axis was orthogonal to the corneal surface. Under these conditions, a clear reflection was obtained on a monitor with the OCT images recorded. There were 500 axial scans in each image and 1024 pixels in each axial scan.
CCT was obtained from the OCT images using custom software developed at the Wenzhou Medical College, which was similar to previous studies. 15, [19] [20] [21] [22] Briefly, central 21 axial scans were aligned by the first peak and averaged to generate a reflectivity profile. The corneal thickness was defied in this profile as the distance between the first and last peaks.
The ORA was used to measure IOP and the CH. Two additional parameters, the IOPcc and CRF were generated by ORA software. In brief, a rapid air puff deformed the cornea and induced corneal bidirectional applanation. An electro-optical system monitored changes in both the inward and outward applanations of the cornea. The CH was calculated from the difference between two pressures produced by the inward and outward applanations. The average of these two pressures was recorded as the IOP. The CRF and the IOPcc were also calculated from specific combinations of the ORA-induced inward and outward applanation values. The values were derived using proprietary algorithms provided by the manufacturer. 14 
Procedure
Refraction was measured by both automated and subjective refractometry. Clinical data were obtained, including date of birth, gender, ethnicity, and duration diagnosed as myopia. Only the right eye of each subject was used in this study, and the ORA measurements were taken in triplicates with the mean recorded. To reduce the impact of diurnal variation on the biomechanical properties, all examinations were performed between 1000 and 1700 hours.
Statistics
Data management and analysis were conducted using Statistical Package for Social Science (version 13.0, SPSS Inc., Chicago, IL, USA). The distribution of the measured variables was estimated by the one-sample KolmogorovSmirnov test. One-way analysis of variance (ANOVA) and post hoc tests were used to determine differences in corneal biomechanical properties and CCT among the four diagnostic groups. Multivariate linear regression models were conducted with CH, CRF, IOP, and IOPcc, as the dependent variables and the relevant predictive factors as covariates for the combined four diagnostic groups. P-values o0.05 were considered significant.
We certify that all applicable institutional and governmental regulations concerning the ethical use of human volunteers were followed during this research.
Results
There were no significant differences in CH, IOP, IOPcc, and CRF between the female and male in each group. No correlations were found in the measured parameters with the age.
The refraction among all subjects examined ranged from þ 1.50 to À29.00 D (SE). Significant differences in refraction were found between the four diagnostic groups (Po0.05; Table 1 ). The mean age in the high myopic and non-myopic groups was 34.95 ± 12.17 and 37.17±12.17 years, respectively, which was significantly higher than in the low (26.82±10.41 years) and moderate myopic (24.83±3.15 years) groups (Po0.001 for each comparison; Table 1 ). However, there was no significant difference in the gender distribution among the four diagnostic groups (w 2 -test, P ¼ 0.087; Table 1 ).
There was no significant difference in CCT and CRF among the four diagnostic groups (one-way ANOVA, P ¼ 0.071 in CCT among four groups and P ¼ 0.682 in CRF among four groups, respectively; Table 2 ). The onesample Kolmogorov-Smirnov test showed that CH, CRF, IOP, or IOPcc was normally distributed, respectively (P ¼ 0.98, 0.48, 0.52, and 0.60, respectively; Figure 1) . CH in the non-myopic, low, moderate, and high myopic groups were 11.13 ± 1.45, 11.24 ± 1.47, 10.49 ± 0.89, and 10.05 ± 1.66 mm Hg, respectively (Table 2) . CH in the high myopic group was significantly lower than in the low myopic (P ¼ 0.002) or non-myopic (P ¼ 0.001) group. However, IOP and IOPcc in the high myopic group were significantly higher than in the low myopic and nonmyopic groups (P ¼ 0.035 and Po0.001, respectively).
The regression models showed CH had 49% but CRF had 52% variations. The standardized regression coefficients (b) indicated that CH variation was 1.5 times more dependent on CCT (b ¼ 0.631, Table 3 There was a low but significantly positive correlation between CH and refraction (b ¼ 0.420, Po0.001; Figure 2a ) and between CRF and refraction (b ¼ 0.156, P ¼ 0.005, Figure 2b ). For every 1.00 mm increase in CCT, the CH and CRF increased by 0.031 and 0.039 mm Hg, respectively, whereas for every 1.00 D increase in refraction, the CH and CRF increased by 0.083 and -test. Signicant differences in refraction were present among the four diagnostic groups (post hoc tests, Po0.05). The non-myopic and high myopic subjects were significantly older than the low and moderate myopic subjects. 0.035 mmHg, respectively. IOP was correlated to CCT (b ¼ 0.396, Po0.001; Table 3 ), but IOPcc was not correlated to CCT after being adjusted with refraction, gender, and age (b ¼ 0.028, P ¼ 0.695). However, both IOP and IOPcc were negatively correlated to the refraction (brÀ0.280, Po0.001; Figure 2 ).
Discussion
This study investigated correlation of corneal biomechanical properties to the degree of myopia in more details than previous studies. [15] [16] [17] [18] The CH is similar for non-myopic, low myopic, and moderate myopic eyes, but significantly lower in high myopic eyes compared with the other three groups. These results indicate that CH is a useful additional assessment for the progression of myopia.
The standardized regression coefficients (b) suggest that CCT is 1.5 times more important than refraction in relation to CH. Similarly, CCT is at least four times more important than refraction in determining CRF variations. CH, CRF, and IOP are correlated with CCT. Similar to previous studies, [15] [16] [17] [18] 23 IOPcc measurements provided by the ORA are less inuenced by corneal properties than those provided by Goldmann applanation tonometry, 23 and appears to be a better clinical measurement.
This study shows that both CH and CRF are correlated to refraction. There is ample evidence that the biomechanical properties of the cornea are correlated to the degree of myopia. First, the elongation of the globe is associated with a flattening cornea and thinning cornea, 8 resulting in a decrease in CH and CRF. 14, 15 Second, myopic eyes have a lower ocular rigidity than emmetropic and hyperopic eyes. 24, 25 Therefore in myopia, corneal rigidity, as part of the global rigidity is likely to be low as suggested by the low CH in this study. Third, according to Kotecha, 26 corneal biomechanics reflects the viscoelastic properties of the cornea and mechanical strength of stromal collagen fibrils interacting with the extracellular proteoglycan matrix. A significant reduction in the diameter of the scleral collagen fibrils 27 and the rate of proteoglycan synthesis 28 is found in the development of myopia, which leads to scleral thinning, the loss of scleral tissue and the weakening of the scleral mechanical properties during scleral remodeling. 29 Similar changes may occur in the cornea in the development of myopia. 22 However, other previous studies did not show a correlation between myopia and biomechanical properties of the cornea. [16] [17] [18] This is probably attributed to differences between the present and previous studies in the range of age and/or refractive status, and ethnics for the subjects selected. For instance, in the studies by ) is much lower than that in this study (À5.85 ± 7.84 D). These results from the previous studies support this study that only high myopic eyes have a compromised corneal mechanical strength. 30 In another study by Fontes et al, 18 no correlation was found between corneal biomechanical properties and refraction based on Spearman's rank correlation or Pearson's correlation although the subjects have a wide range of refraction (À19.00 to 9.00 D). However, factors such as age, gender, and CCT have not been adjusted for the results of biomechanical tests in this study. In addition, other factors such as corneal curvature, 16 race, 16 axial length, 17 and retinal vascular caliber 31 may also influence the correlation between myopia and biomechanical properties of the cornea.
In this study, IOP and IOPcc measured by ORA were negatively correlated to the refraction. These findings are consistent with several previous reports, 15, 32, 33 suggesting a positive correlation between IOP and increasing degree of myopia. However, one previous study showed that there was no correlation between IOP and refraction in Chinese children. 34 Different methods and samples may be the reasons for the inconsistent results of these previous studies and the present study. There is an increased prevalence of glaucoma among myopic eyes compared with non-myopic eyes. 32, 33 However, it is still unclear why myopia causes an increased IOP. One hypothesis is that the increased IOP is related to an increased stress of the global wall and a decreased ocular rigidity in the myopic eye. 30 According to Schmid et al, 30 global wall stress (S) is equal to IOP*(r/2t), where r is the inner radius of the globe, and t is the wall thickness, so IOP ¼ (S*2t)/r. In myopic eyes, the inner radius of the globe is longer, and the global wall is thinner compared with non-myopic eyes. If the global wall stress is the same between myopic and non-myopic eyes, the IOP should be lower in myopic eyes according to the formula. However, the IOP measured by ORA and other methods is higher in myopic eyes than in non-myopic eyes. 15, 32, 33 Therefore, the results from this study are consistent with the hypothesis of Schmid et al, 30 that myopia increases IOP by an elevated stress of the global wall and a declined ocular rigidity.
There are some limitations in this study. One limitation of this study is that axial length and corneal curvature were not measured. Therefore, the role of these two factors in the refraction-related mechanical changes of the cornea is unknown. As the non-myopic and high myopic subjects were significantly older than the low and moderate myopic subjects, the age difference between groups may also have a role in the difference of corneal biomechanical properties for these groups. However, the trend between biomechanical properties and refractive development is not affected by the age difference after the adjustment for age, gender, and CCT by multiple linear regression models for all subjects examined. The other limitation is that the investigative groups are not age or gender matched which may influence the results. However, no significant differences were found between the female and male in each group. No significant correlations were found in the measured parameters with the age. These results indicate that age or gender may not influence the results compared with the degree of myopia in this study. In the future, large sample sizes with age and gender match need to be considered in the study design.
In conclusion, refraction is positively correlated to both CH and CRF but negatively correlated to both IOP and IOPcc. These results indicate that results of corneal biomechanical properties may need to be interpreted in light of the refraction. These results indicate that the mechanical strength in anterior segment of the eye is compromised in high myopia. In addition, high myopia may increase the risk of glaucoma. What this study adds K The purpose of this study was to examine the relationship between corneal biomechanical properties and the degree of myopia. 
SE (D)
-
